Objective: Radial arteries are increasingly used as conduits for coronary artery bypass grafts, but perioperative graft vasospasm remains a concern. In vitro testing has demonstrated the efficacy of phenoxybenzamine and verapamil/nitroglycerin as topical antispasmodic agents, but their duration of action in vivo is unknown. Using an in vivo mouse model, we measured their duration of action in functioning vascular grafts, and compared this to their in vitro duration of action in ungrafted vascular segments. Methods: Two millimetre mouse aortic segments (C57/BL6) were incubated with phenoxybenzamine, verapamil/nitroglycerin, or buffer (controls) for 15 min in organ chambers. Isometric tension responses to phenylephrine and prostaglandin F2a were measured at 0, 2, 6 and 12 h post-incubation. In parallel, 36 murine infrarenal aortic interposition grafts (2 mm) were performed. Twelve grafts were pre-treated (15 min) with phenoxybenzamine, 12 with verapamil/nitroglycerin and 12 remained untreated (controls). Isometric tension responses to the same agonists were measured in grafts harvested 2, 6, 13 and 23 h after surgery. Results: Phenoxybenzamine prevented a-adrenergic vasoconstriction for up to 16 h in vivo (grafts), and 12 h in vitro (ungrafted segments). Verapamil/nitroglycerin was effective for at least 2 h in vitro, but did not prevent vasoconstriction after 2 h in vivo. Conclusions: The mouse model appears to be a useful technique for assessing the pharmacological properties of antispasmodic agents in vivo. Phenoxybenzamine has an extended action in arterial grafts in vivo. Verapamil/nitroglycerin is short-lived in vivo but lasts longer in vitro. Measurements of antispasmodic duration of action in vitro should be interpreted with caution. q
Introduction
A substantial proportion of patients undergoing isolated coronary artery bypass grafting (CABG) now receive two or more arterial grafts [1] . The benefits of bilateral internal thoracic artery grafting are clearly described [2] . However, most patients require three or more bypass grafts and the increasing interest in total arterial revascularisation has led to greater use of the radial artery (RA) as a conduit for CABG, underpinned by good medium term patency rates and attractive handling characteristics [3] . However, the muscular nature of the vessel wall [4] , and an enhanced reactivity to vasoactive mediators compared to the internal mammary artery [5] , predispose to vasospasm. Several topical and systemic pharmacological antispasmodic preparations have been used to reduce RA graft vasospasm [6] . Ideally, antispasmodic preparations should prevent vasoconstriction in response to relevant contractile stimuli for a sufficiently prolonged period (i.e. throughout the postoperative period), without damaging the conduit and without precipitating haemodynamic instability. Topical agents are particularly attractive as they are easily administered during surgery, and do not have systemic haemodynamic effects. Since repeated application is not possible once the chest is closed, duration of action assumes particular importance for topical antispasmodic agents. Verapamil and nitroglycerin solution (VG) [7] , and phenoxybenzamine [8] [9] [10] have been advocated as topical RA antispasmodic agents and are in clinical use. A number of in vitro studies have evaluated the duration of action of these agents following a single topical application. The effects of phenoxybenzamine can persist for 18 h in human RA in vitro [11] and 48 h in canine RA in vitro [12] , but this has not been confirmed in the in vivo setting. Studies of VG solution are inconsistent, suggesting a duration of action between 4 h [10] and 24 h [7] . However, a common and major limitation of all of these in vitro studies is the absence of in vivo factors that may have potentially major effects on duration of action of topically administered antispasmodic agents, including luminal flow and resultant endothelial shear, distending pressure, circulating vasoactive mediators and the autonomic nervous system. Therefore, in vitro studies may tend to overestimate the duration of action of these agents compared with the clinical setting. Measurement of the duration of action in vivo would provide additional insights to enable rational selection of an appropriate agent for clinical use.
Accordingly, we compared the duration of action of phenoxybenzamine and VG in vivo, using the mouse aortic interposition graft as a model system for a free arterial graft. Furthermore, to evaluate possible discrepancies between in vivo and in vitro duration of action, we compared the in vivo findings with the in vitro duration of action of the two agents in ungrafted segments of mouse aorta.
Materials and methods

Vasomotor studies
Isometric tension studies were performed by mounting aortic segments on tungsten wire in organ chambers (Multi Myograph 610M, Danish Myo Technology A/S, Denmark) containing 5 ml warm (37 8C) Krebs Henseleit buffer (KHB-NaCl 120 mM, KCl 4.7 mM, MgSO 4 1.2 mM, KH 2 PO 4 1.2 mM, CaCl 2 2.5 mM, NaHCO 3 25 mM, Glucose 5.5 mM), constantly aerated with 95% O 2 /5% CO 2 . Following 30 min equilibration, segments underwent incremental passive stretching to achieve a final steady resting tension of 15 mN, determined as optimal in preliminary experiments. All experiments were conducted in the presence of 10 mM indomethacin (Sigma) to inhibit endogenous prostanoid synthesis. The maximum developed tension in response to the addition of warm (37 8C), aerated (95% O 2 /5% CO 2 ) modified Krebs Henseleit buffer containing 60 mM K C (NaCl 64.7 mM, KCl 58.8 mM, MgSO 4 1.2 mM, KH 2 PO 4 1.2 mM, CaCl 2 2.5 mM, NaHCO 3 25 mM, Glucose 5.5 mM) was measured for 5 min, washed, then repeated to a total of three times for each segment.
The developed tension in response to the third exposure to 60 mM K C formed a reference for subsequent calculations. To determine the duration of action of phenoxybenzamine and VG solution in preventing vasoconstriction in mouse aortas in vitro (nZ3-6), we incubated three contiguous 2 mm ungrafted aortic segments from each aorta with phenoxybenzamine (10 mM), VG (30 mM each) or buffer (controls), respectively, for 15 min in the organ chambers. Cumulative dose responses to phenylephrine (1 nM to 10 mM, Sigma) and prostaglandin F2a (1 nM to 30 mM, Sigma) were measured serially at 0, 2, 6 and 12 h after exposure to the antispasmodic agent for each segment. Numbers of washes between vasoconstrictors were standardised between experiments.
Animal model
All procedures were conducted in accordance with the Animals (Scientific Procedures) Act 1986 (Home Office, UK). Male C57/BL6 mice (9-18 weeks old) were used to perform abdominal aortic interposition grafting by modification of a previously described method [13] . Briefly, mice were anaesthetised with a subcuticular injection of 0.3 ml Hypnoval w (500 mg/ml midazolam, Antigen Pharmaceuticals) and 0.3 ml Hypnorm w (10 mg/ml fentanyl and 330 mg/ml fluanisone, Janssen Animal Health). Donor aortas were harvested from age matched littermates. Following anaesthesia, the abdominal and thoracic cavities of the donor animal were opened widely. Systemic heparinisation (100 U via inferior vena cava) was followed by exsanguination and immediate harvest of the descending thoracic aorta. A midline abdominal incision was made in the anaesthetised recipient animal, and the abdominal aorta exposed and mobilised by dissection of the periaortic fat. The aorta was transected between two vascular clips (World Precision Instruments, Stevenage, UK). Blood was rinsed from the cut ends with heparinised saline (500 U/ml). A 2 mm donor aortic segment was positioned by insertion of 11-0 monofilament nylon proximal and distal interrupted stay sutures (Ethilon, Johnson and Johnson Ltd, UK). The distal and proximal anastomoses were completed with 8-10 further interrupted sutures. The vascular clips were removed and haemostasis achieved. The viscera were replaced and the abdomen closed in two layers with a continuous 4-0 absorbable suture (4-0 Softgut Chromic, Sherwood, Davis, and Geck). Animals were recovered in a warming cabinet until fully mobile, and given diet and water ad libitum.
To evaluate the duration of action of phenoxybenzamine and VG solution after topical application to vascular grafts in vivo, we incubated donor aortic segments with topical antispasmodic agents (phenoxybenzamine 10 mM, or verapamil/nitroglycerin 30 mM each) or buffer alone (controls) for 15 min, immediately prior to grafting. Twelve mice received grafts pre-treated with phenoxybenzamine, 12 received grafts pre-treated with VG solution and 12 received control grafts (nZ3 animals per treatment group per time point).
The mice were sacrificed at approximately 2, 6, 13 and 23 h after surgery, measured from removal of the vascular clamps and resumption of circulation. The grafts were harvested immediately by reopening the abdomen, exposing the graft, placing vascular clamps proximally and distally to the graft, and cutting through the suture lines, leaving the majority of the graft undamaged and suitable for analysis. The grafts were placed in ice-cold buffer and transferred to the laboratory for vasomotor studies to measure contractile responses to K C , phenylephrine and prostaglandin F2a (see above). Grafts from mice that died during the procedure or in the post-operative period did not undergo vasomotor studies and were excluded from the analysis.
Statistical analysis
Contractile responses, shown as meanGSEM, are expressed as a percentage of the response to modified KHB (60 mM K C ) in individual rings. Dose response curves were compared to controls using a general linear model for repeated measures (SPSS for Windows 11.0). Single factor ANOVA was used to compare receptorindependent contractile responses to 60 mM KCl in grafts. Two tailed Students t-tests were used to compare maximal vasoconstrictor-induced responses at each time point to their respective controls. A probability value of less than 0.05 (P!0.05) was considered statistically significant.
Results
Duration of action of antispasmodic agents in mouse aortic segments in vitro
The effects of phenoxybenzamine against the a-adrenergic agonist phenylephrine persisted until 12 h post-treatment in ungrafted aortic segments in vitro (Fig. 1) . VG solution prevented contractile responses to phenylephrine at 0 and 2 h post-treatment, but its effects were lost by 6 h (Fig. 1) . In control vessels, contractile responses to prostaglandin F2a were of greater magnitude than responses to phenylephrine (Fig. 3) . However, neither phenoxybenzamine nor VG prevented vasoconstriction in response to prostaglandin F2a (Fig. 3b) .
These findings suggest that topical application of either phenoxybenzamine or VG can prevent a-adrenoceptormediated vasoconstriction in mouse aorta, but neither has substantial effects on prostanoid-mediated vasoconstriction. More importantly, these data indicate that phenoxybenzamine has a longer duration of action than VG in vitro. Notably, there was a trend for the contractile responses of control segments to diminish with time in response to serial administration of agonists (Figs. 1 and 3 ), but this failed to reach statistical significance. This suggests that the condition of mouse aortic segments may deteriorate with prolonged incubation in organ baths. Phenoxybenzamine abolished contractile responses to phenylephrine up to 16 h following surgery. However, by 24 h the effect of phenoxybenzamine had diminished by approximately 50% (Fig. 2) . In contrast, pre-treatment with VG solution failed to prevent contractile responses to phenylephrine within 2 h after completion of surgery. Thus, the marked early effect of VG observed in the in vitro aortic segments was lost in functioning arterial grafts in vivo, even at the earliest time point (Fig. 2) . Neither agent prevented prostanoid-mediated vasoconstriction at any time point after surgery (Fig. 3b) . These data indicate that topically applied phenoxybenzamine remains effective in vivo for a prolonged period, at least 16 h, whereas the effects of VG solution are more rapidly lost in vivo than they are during in vitro studies.
In vivo duration of action of antispasmodics
Next, we evaluated the duration of action of phenoxybenzamine and VG solution after topical application to vascular grafts in vivo. We performed 76 abdominal aortic interposition grafts in total, of which 47 survived to the planned time point for graft harvest (21 operative deaths, 8 animals sacrificed after graft thrombosis). Eleven grafts were not viable after harvest and were thus excluded from the analysis. Absolute tension responses to K C in previously grafted aortic segments were as follows: 2.4G0.04 mN at 2 h after surgery (mean time 2.1 h, range 2-2.25 h), 3.6G0.4 mN at 6 h (6.2, 5.8-
Discussion
This study has demonstrated that topical application of phenoxybenzamine to vascular grafts prevents a-adrenergic vasoconstriction for up to 16 h in vivo. Verapamil/nitroglycerin solution also inhibits a-adrenergic vasoconstriction for at least 2 h in mouse aortas in vitro, but this effect is lost within 2 h in functioning vascular grafts in vivo. Phenoxybenzamine has a longer duration of action than verapamil/ nitroglycerin, both in vivo and in vitro. Finally, by comparison of parallel studies performed in vitro and in vivo, we conclude that in vitro studies may overestimate the true in vivo duration of action of antispasmodic agents, as exemplified by verapamil/nitroglycerin. 
Interpretation
This study used the mouse aortic interposition graft as a model of a free arterial graft to specifically address the comparative duration of action of phenoxybenzamine and verapamil/nitroglycerin solution in vivo. Direct comparisons between the duration of action of each agent in vivo and in vitro enabled assessment of potential differences between the duration of action of antispasmodic agents in clinical versus experimental settings. Our findings provide important insights comparing the pharmacology and clinical utility of agents used to reduce RA graft spasm.
Phenoxybenzamine is a non-selective a-adrenoceptor antagonist, with a long duration of action resulting from alkylation of the target receptors. It is a particularly useful antispasmodic agent in the clinical setting as the levels of endogenous catecholamines are raised 20-fold after CABG and remain elevated for at least a day after surgery [14] . Infusions of adrenaline or noradrenaline may be administered after CABG to ameliorate low cardiac output states and systemic vasodilatation, respectively.
The efficacy of phenoxybenzamine against a-adrenergic vasoconstriction is becoming increasingly established. Our original observation that phenoxybenzamine prevents a-adrenergic vasoconstriction in the RA [8] has been confirmed by recent studies [9] [10] [11] [12] . Dipp [9] demonstrated that incubation with phenoxybenzamine caused less endothelial injury than papaverine to RA conduits. Most recently, we demonstrated the efficacy of phenoxybenzamine against a-adrenergic stimuli, but not angiotensin II or prostaglandin F2a and a duration of action of at least 6 h in an in vitro RA preparation [10] .
A potential strength of phenoxybenzamine as an antispasmodic agent is its prolonged duration of action compared to other agents. Harrison and colleagues [11] reported that pre-incubation of RA rings with phenoxybenzamine for 20 min inhibited contractile responses to noradrenaline for up to 18 h. However, in that study, arterial rings remained suspended in organ chambers between vasoconstrictor challenges, and thus the factors that exist in functioning vascular grafts were not adequately modelled. Subsequently, Velez and colleagues [12] reported that pre-incubation of canine RA rings with phenoxybenzamine for 30 min, followed by storage in culture medium for up to 48 h, resulted in complete attenuation of the response to phenylephrine and noradrenaline compared to control rings. Similarly, that study was limited by the exclusive use of in vitro techniques, and did not accurately reflect the clinical situation.
The current study demonstrates that phenoxybenzamine, at a clinical concentration, prevents a-adrenergic vasoconstriction in mouse aortas for at least 16 h in vivo, and for at least 12 h in vitro. Notably, the effect is specific to a-adrenergic vasoconstriction, since phenoxybenzaminetreated grafts exhibited strong responses to prostaglandin F2a. Mouse aorta behaved similarly to human RA in this respect [10] . Our observations in vivo are consistent with the known pharmacology of phenoxybenzamine, in particular, the requirement for a-adrenoceptor turnover for return of responsiveness to adrenergic agonists [15] . The in vivo findings from this study both confirm and extend the current data, by demonstrating that phenoxybenzamine can act for prolonged periods in functioning vascular grafts.
VG solution, a mixture of verapamil (a highly selective voltage-dependent calcium channel antagonist with a plasma half-life of up to 4.8 h [16] ) and nitroglycerin (a nitric oxide donor with a short half-life) has been used clinically to prevent RA vasospasm since its effects were first described by He [7] in 1996. The same author demonstrated vasodilatation in response to VG solution applied to RA rings precontracted with potassium chloride and reported that the effect persisted for at least 24 h in RA segments stored for 24 h at 4 8C. In the current study, we have demonstrated that VG solution is capable of preventing a-adrenergic constriction in mouse aorta for at least 2 h if the vascular segment remains in vitro, consistent with our previous findings in human RA [10] . However, a striking finding was the rapid and complete loss of VG-mediated inhibition of vasoconstriction within 2 h in functioning vascular grafts.
The practical implication of these findings is that VG solution may be less useful clinically to prevent postoperative graft vasospasm than previous in vitro data have suggested. Although a substantial body of data clearly shows that VG has potent actions against a broad range of contractile agonists, its activity in a functioning vascular graft would remain limited to the intra-operative period only and may not extend into the immediate post-operative period, during which patients receiving RA grafts are at the greatest risk of graft vasospasm. In contrast, phenoxybenzamine remains effective for at least 16 h following topical application to vascular grafts, and should inhibit a-adrenergic vasoconstriction for a prolonged period in the post-operative patient, of particular importance for those patients requiring inotropic support after CABG. While phenoxybenzamine does have an extended duration of action, the ideal agent should provide protection against vasospasm for at least 24-48 h after surgery.
Strengths of this study
A major strength of this work is the systematic comparison of the duration of action of two antispasmodic agents in current use, at clinically relevant doses, using both in vitro and in vivo models. Although classical organ bath methodology allows the study of pharmacological effects on smooth muscle contraction, the in vitro approach cannot model the influences of critical factors that affect vascular function in vivo, including blood flow and resultant endothelial shear, distending pressure, circulating vasoactive mediators and the autonomic nervous system [17] . There is also concern that prolonged incubation of vascular segments in organ baths is non-physiological, and indeed the responses of the in vitro control rings in this study deteriorated with time, whereas the responses of grafted (in vivo) control segments were maintained.
The murine aortic interposition graft model has yielded useful data in the field of transplant arteriosclerosis [18, 19] and atherosclerotic lesion regression [20] , but this is the first report of this model being used to study the pharmacological properties of topical agents used to reduce RA graft vasospasm. The experimental design mimics operating room practice of RA use, by exposing the conduit to the antispasmodic agent for 15 min, constructing proximal and distal anastomoses and then allowing blood to flow freely through the grafted conduit.
Limitations of this study
A limitation of our work was the use of a murine aortic interposition graft to model a RA coronary bypass graft.
Larger animals such as the pig, sheep or dog may have provided more clinically relevant models with RA conduits of similar anatomical characteristics to the human RA. However, it does not necessarily follow that mouse aorta is not a valid model, especially as the pharmacological data achieved by using mouse aorta in vitro are strikingly similar to the behaviour of human RA segments incubated with the antispasmodic agents phenoxybenzamine and VG solution [10] .
An additional limitation of this study was the use of organ chambers to evaluate vasomotor responses in both grafted and ungrafted aortic segments. Therefore, the study does not represent an entirely in vivo assessment of duration of action but does aim to address some of the shortcomings associated with previous approaches of exclusively in vitro methods for assessing the more dynamic situation that occurs in the post-operative patient.
Conclusion
Phenoxybenzamine has a longer duration of action than verapamil/nitroglycerin both in vivo and in vitro. Verapamil/nitroglycerin has a limited duration of action in vivo, despite previous in vitro data suggesting an extended duration of action. Thus, the exclusive use of in vitro techniques to study topical agents used to reduce vasospasm in RA conduits may overestimate the possible duration of action of these agents in the clinical setting. The use of an animal model of a free vascular graft enables useful comparisons between agents in a dynamic situation, more reflective of the clinical setting.
